Abstract-A fractional-order capacitor (FOC) is developed using a Molybdenum disulfide ferroelectric polymer composite. The fabricated FOC exhibits constant phase over five decades between 100 Hz-10 MHz, which is the broadest operating frequency bandwidth reported so far for an FOC. Furthermore, a fractional-order Hartley oscillator is built using this FOC, and provide ten times higher oscillation frequency than the frequency of the conventional Hartley oscillator counterpart.
INTRODUCTION
Although, the three basic passive circuit elements, namely, capacitor, resistor, and inductor have been around for three centuries, understanding and design of classical resistorcapacitor, and resistor-inductor, and capacitor-inductor, and resistor-capacitor-inductor circuits have remained fundamentally unaltered, since only integer-order differential equations are used in circuit design [1] . However, great improvements in the study of fractional calculus that deals with fractional-order derivation and integration have been achieved over the last five decades [2] . In the meantime, the fractionalorder generalization has been used for circuit/device design and modeling [2] in various field such as biomedicine [3] [4] , energy!storage and generation [5] , agriculture [6] , electromagnetics [7] , and control systems [8] .
Recently, different approaches to realization of fractionalorder elements (called constant phase elements in electrochemistry), particularly, fractional-order capacitors (FOCs) [9] [10] [11] [12] [13] have been developed. Among these approaches, those make use of composites of different materials have gained traction, since they lead to FOCs that can be easily integrated with microelectronics , and design an FOC with tunable constant phase angle (CPA) [9] [10] . However, their narrow band of operating frequency (i.e., maximum two decades) limited their use in building circuits such as filters and oscillators with fractional-order transfer functions. It is also extremely important to develop an FOC with a constant phase zone (CPZ), where FOC exhibits a CPA with only small variation, in the order of 4 ±° over the full band of operation.
The impedance of an FOC is given by
where C α is the pseudocapacitance (also known as fractance) and α ( 0 1 α < < ) is the fractional order. The phase angle associated with Z is given by / 2 φ απ = − . Table I compares 
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In this work, we report on an FOC fabricated using a new class of Molybdenum disulfide (MoS 2 ) filled Polyevinelidenefluoride-trifluoroethylene-chlorofluoroethylene (PVDF-TrFE-CFE) composite and exhibits a constant phase over five decades between 100Hz-10MHz. This FOC is then used in building an oscillator, which can, for example, be used for modulating/demodulating frequency between the highspeed radio-frequency (RF) input and the baseband system blocks. The circuit design used here adopts the Hartley oscillator since it has a comparable performance like the other topologies such as CMOS LC and Colpitts oscillators [14] [15] . To show the advantages of using an FOC in the design of an oscillator, two Hartley oscillators are built; one with an FOC and other with classical capacitor counterpart, and their oscillation frequencies are compared. Measurement results demonstrate that the output frequency of the fractional-order Hartley oscillator is almost ten times greater than the frequency of its conventional counterpart.
II. FOC FABRICATION AND CHARACTERIZATION
First, terpolymer namely, PVDF-TrFE-CFE powder is dissolved in a N, N-Dimethylformamide (DMF) solvent, under magnetic stirring for 48 hours to get 0.1 g / ml solution [16] . The MoS 2 powder is dispersed in DMF at a concentration of 20 mg/ml and stirred for two hours using a tip-type sonicator. 90 % of the MoS 2 -DMF solution is collected and DMF is evaporated in a freezer dryer. The resulting MoS 2 nanosheets are dispersed again in DMF at the 0.03 g/ml concentration using ultra-sonication bath for two hours and mixed with the PVDF-TrFE-CFE solution in proportion by stirring for 24 hours at room temperature. Finally, the mixture is further stirred for one hour using a tip-type sonicator before drop casting. The composite solutions are casted onto a 200 nm Au covered SiO 2 / Si substrate and DMF is evaporated for overnight at 110 ºC under vacuum. In order to make the top electrode, Au circular electrode with 1.5 mm radius and 200 nm thickness is deposited onto nanocomposite film using a shadow mask. Nine FOCs are fabricated on a chip with 2 cm × 2 cm area. The chip is bonded using the silver paste on a printed circuit board (PCB) to characterize and use in electrical circuits. Fig. 1(a) shows the photograph of the nanocomposite film and the PCB-compatible FOC. The cross-section scanning electron microscopy (SEM) image of the nanocomposite film with MoS 2 is shown in Fig. 1(b) . The composite presents a compact structure where the MoS 2 nanosheets are distributed homogeneously. During the mixing process, the polymer chains wrap the MoS 2 nanosheets and avoid the aggregation of MoS 2 .
Furthermore, Fig. 2 compares the X-ray diffraction (XRD) patterns of the terpolymer and nanocomposite films, namely. PVDF-TrFE-CFE and the MoS 2 :PVDF-TrFE-CFE respectively. It is important to note here that the XRD spectra are normalized with respect to peak at 38° (due to the gold electrode). An intense peak take places at 18.2° XRD spectrum of the both film which correspond to a (111) plane of PVDFTrFE-CFE. The XRD spectrum of the nanocomposite shows only one additional peak at 15.1° which belong to the MoS 2 nanosheets as expected, and. confirms that extra complicated molecular structures are not formed at the interface of polymerMoS 2 nanosheets.
An Agilent 4994A precision impedance analyzer with the 16048G fixture is used in electrical characterization of fabricated FOCs. The magnitude and phase angle of the FOCs' impedance are measured. Standard calibration tests (open and short circuits) are performed to calibrate the instrument. Note that the thickness of films used for electrical characterizations is 30 µm. A total of 801 measurements are taken in the frequency band between 100 Hz to 10 MHz. Fig. 3(a) plots the measured phase angle versus frequency. The figure clearly shows that the phase angle is nearly constant and stable over a broad frequency range. If the maximum error allowed in phase angle is set to 4 ±°, the CPA is computed (by averaging) to be 58 −° between 100 Hz and 10 MHz (five decades). This CPA value corresponds to 0.64 α = . The phase angle deviation (the difference between the measured phase angle and the CPA) is plotted versus frequency in the inset in Fig. 3(a) . Paper P99 PRIME 2018, Prague, Czech Republic Fig. 3(a) ]. Along α , pseudocapacitance C α also plays key role in designing an FOC. 
III. FRACTIONAL-ORDER HARTLEY OSCILLATOR
This section introduces the fractional-order Hartley oscillator [ Fig. 4(a) ]. The oscillation frequency of this circuit osc f satisfies the given equation below [17] :
where L is the inductance , and r is the internal resistance of the inductors, and R is the resistance of the resistor.
Eq. (1) The fractional-order Hartley oscillator is built using the fabricated FOC, the resistor with R = 1kΩ , the inductors with 1mH L = and 15 r = Ω , and a commercial AD 817 operational amplifier with ± 2V supplies [ Figs. 4(a) and (b) ]. In addition, the feedback resistor R FB is equal to 100 kΩ potentiometer. Fig. 4(c) shows the test set up for Hartley oscillator.
By solving Eq. (1) with these parameters, the oscillation frequency is calculated to be 805.8 kHz for the fractional-order oscillator. For the oscillator with the conventional capacitor ( 1 α = ), the oscillation frequency is found to be 82.8 kHz.
These calculated values are in close agreement with the measured output frequencies 793.9 kHz and 81.1 kHz respectively (Fig. 6) . The output voltage swing is constant around 2.18 pp V for both oscillators. Finally, the measured results show that oscillator with the fabricated FOC with 0.64 α = exhibits a higher oscillation frequency. It is almost ten times of the frequency of the oscillator with the conventional capacitor ( 1 α = ). (a) 
IV. CONCLUSION
MoS 2 reinforced PVDF-TrFE-CFE is used to fabricate an FOC. A straightforward solution-mixing approach to generate the nanocomposites films makes easy the tailoring of the electrical properties of the resulting FOCs. The cross-sectional SEM image of the composite confirms that MoS 2 is distributed uniformly inside PVDF-TrFE-CFE without forming an aggregation. Moreover, the structural composition of the PVDF-TrFE-CFE film and the MoS 2 :PVDF-TrFE-CFE composite are investigated using XRD. Only specific peaks associated with each constituent are observed in XRD spectrum showing that unexpected molecular structure is not formed at the MoS 2 -polymer interface.
The FOC fabricated using the MoS 2 :PVDF-TrFE-CFE nanocomposite has a CPA of 58 −° within the CPZ changing from 100 Hz to 10 MHz (five decades). This is significantly broader than the CPZ of the previously reported nanocomposite FOCs, which changes from 50 kHz to 10 MHz.
A fractional-order Hartley oscillator is designed employing the fabricated FOC. Measurements and analytical predictions show that oscillation frequency of the fractional-order Hartley oscillator is almost ten times than the oscillation frequency of the conventional Hartley oscillator counterpart.
In summary, we believe that FOCs from MoS 2 -PVDF based polymers nanocomposites paves the way for novel fractional-order electronic systems [18] [19] [20] [21] .
